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1 )ctection of intrinsic solar variability on thetotal flux level was made using results from the
first Active Radiometer Irradiance Monitor (ACRIM) experiment, launched on the Solar Maxi-
murn Mission (SMM)in early 1980. ACRIM 1, specifically y designed tostart the high precision
total solar irradiance database as part of the U.S. Climate Rescarch Program, produced high
precision results throughout the 9.75 years of the Solar Maximum Mission. The seccond ACRIM
experiment. was flown aboard the Space Shuttle as part of the NASA /KSA Spacelab1 Mission
inlate 1983.1ts primary function has beento provide a comparison with ACRIM1 that could
be used to relate its observations with future satellite solar monitors, should they and ACRIM
1fail to overlap in time. Thesccond ACRIM satellite solar monitoring experiment (ACRIM 11)
has provided high precision total solar irradiance observations since its launch as part of the
Upper Atm osphere Rescarch Sate]] ite (UA RS) mission inlate 1991and continues at present.
The shuttle ACRIM instrumentation has been flownonthe ATLAS 1 and 2 missions in 1992
and 1993, providing comparisons with the UARS/ACRIM 11.

1. The SMM/ACRIM I experiment

‘J'’he ACRIM 1 experiment 011 the Solar M aximum Mission provided the first unam-
biguous evidence of intrinsic total solar irradiance ('I'S1') variability (Will son 1980) (see
Figure 1).The first clear evidence was a ‘JS] ‘dip’ near 1980 day 100 (Willsonet. al.
1981; Willson & Hudson 1981). This was caused by two large sunspot groupsinan early
stage of their evolution. The ‘J S increases 011 either side of this dip were caused by
faculae andplage surrounding the sunspots, which arc the first andlast components of
the groups to bc seen when the rotated onto and then off our side of the Sun, Thesc
two groups wercidentifiable for six solar rotations. On cachsuccessive rotation the ratio
of facular area to sunspot area incrcascd within these two groups. The impact of this
can bc clearly seen during the second dip near day 125 at whit}] time the cffect of the
sunspol area was significantly oflsct by the presence of relatively enhanced facular area
(Willson 1982, 1984),

‘J*hc solar cycle ‘T S§] variation of about 0.1 % peak-to-peak canbe clearly seen in Iigure 2
which shows the entirety of the ACRIM Ircsults for the 9.75 year mission, Thhe occurrence
of the ‘JS] minimum near the time of solar activity minimum (September 1986), as
reckoned by the reversal of polarity of active regions, confirms the scalar cycle character
of the I'SI variation, (Willson & Hudson 1988, 1 991). Onc of the most important aspects
of the discovery of a direct proportionality of ‘JS] and solar activity is that its direction
is that required for solar forcing of climate change. Thismakes solar forcing a possible
explanation of the ‘Sporer, Maunder and 1 )alton’ climate Minima that occurred from the
14th through the 19th centuries, the ‘Medieval Climate Maximum’ of the 12th century
(liddy 1977; Anderson 1991).
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I1GURE 2. Results from the SMM/ACRIM 1 experiment. 31-clay running means smoothing is
used to clarify the long term solar cycle trend.
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ITaunre 3. Results from the UARS/ACRIM 11 experiinent. Daily m eanirradiances are Shown
reported on the scale Of the SMM/ACRIM I experiment (sce 'fable ).

2. The UARS/ACRI M 11 experiment

The ACRIM 11 experiment, was launched in September 1 W], nearly two years after the
demise of the Solar Maximum Mission, The results to date arc shownin Figure 3. The
launch delay of several years, caused by the Challenger accident, prevented the planned
direct on-orbit comparisons betweent ACRIM 1 and 11. The importance of relating their
results with precision through direct in-flight comparison cannot be understated since
the inherent absolute accuracy of flight ‘J S| scnsors is inadequate to sustain a uscful
long term database. Fortunately, we have been able to relate their results using the next
best approach - by comparing both ACRIM 1 and ACRIM 11 with the contemporary
observations by the Nimbus 7/EIRB experi ment (Willson 1992). These comparisons are
summarized in ‘-i'able 1 and shown inFigure 4. The benefit of having redundant ‘J 9]
monitoring experiments in place is dear from this, it has saved the continuity of the
‘JS] database. Without the benefit, of these overlapping comparisons, the relationship of
future ‘1'S1 observations to the past could not be established with precision smaller than
t h e solar cycle variation.

From Table1it can be seen that the ratio of ACRIMI/ACRI M 11 can be established
with an uncertainty of Icss that 5 ppm, assuming that only random errors aflect the
results.  That this is not quite the case canbe dearly seem in Figure 4. Systematic
differences are seen inthe plot of the ratio of Nimbus7/ER1310 ACRIM 1 in the form of an
approximately sinusoids| variation necarly centeredon their 9.45 year set of comparisons.
Similarly, a systematic downward trend canbescen in the ratio of Nimbus 7/ERB to
ACRIM 11,

The causes of systematic differences between ACRI M and 1"RB arc not known with
certainty. They may be duc to uncorrecled thermal effects of the KRB instrumentation
during the 1980-1990 period and to uncorrected degradation of IXR13’s sensitivity during
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I1qure 4, Comparisons of SMM/ACRIM 1, UARS/ACRIM I1and the Nimbus-7/KRB experi-

m ents. }lesults are shown as percentage variation.

1991-1992, Other evidences of shorter term RB sensitivities to thermal effects can
be observed in the results as divergences from the mecans in Figure 4that significantly
cxceed the standard errors. The revision of the I'RB results by Hoyt & Kyle (1 990)
in which carlier database problems clue to pointing errors and thermal drifting were
significantly reduced, concluded that residual thermal effects remained. A component of
the systematic, differences is probably contributed by ACRIM I'mis-performance as well,
although by virtue of its more stable spacecraft therinal environment and much higher
frequency of electrical self calibration, the contributions arc likely to be much smaller
than IKRB’s.

Similar arguments implicate degradation of }NR13’s sensitivity as the source of the
systematic downward trend relative to the ACRIM 11 results. By 1992 RB had been in
orbit more than 14 years, and although its total amount of direct solar exposure is only
about 10'% of that of the ACRIM’s per orbit, degradation s} 1ould be expected to be a
factor in KRB results after that length of tiine.JXRB has no degradation self-calibration
capability, The ACRIM experiments have a multi-sensor degradation calibration ability
that has demonstrated aninverse relationship of detector sensitivity and exposure to
sol ar direct flux. ‘J ‘h ercfore this type of relative trend suggests sensitivity degrad ation
of the KRB, particularly during this period of exceptionally high solar activity when
enhanced levels of high energy solar flux and particles are present, as the cause of the
relative trend.

A more redlistic estimate of the uncertaintics of the INRB/ACRIM comparisons is being
pursued through minimization of the systematic efflects by modeling. Preliminary results
indicate the residual uncertainty of the ACRIMI/ACRIM 11 ratio will be greater than
the 2 ppm of ‘I’able 1 and smaller than 50.
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3. Spacclab 1 /A CRIM, ATLA S/A CRIM andcontemporary total
solar irradiance cxperiments

Several ‘I'SIexperiments have been concluded since launch of the UARS/ACRIM 11.
The first was the ATLAST /ACRIM in March 1992, theseccond the ATLAS2/ACRI M
experiment in April, T'wo ¥SA I'SI experiments, the PMOD (Brusa & Frohlich 1972)
and CROM (Crommelynck 1981 ) were included on the FURXCA platform which was
Jaunched by the Shuttle in 1992 and retrieved in 1993 (sec also Crommelynck ct. al.
1 994; Romero et.al. 1994).

The shuttle based ACRIM experiment flown on the AT1L.AS 1 and 2 missions was also
flown on the Spacclab 1 mission in 1 Jecember 1983, The principal purpose of the shuttle
ACRIM experiment was to make underflight comparisons with satellite ‘JS] monitoring
experiments SO that if the latter failed to overlap the precision of the databasc could
be sustained through mutual inter comparisons with the shuttle ACRIM. The results of
comparisons with satellite experiments is shown inTable 2. The Spacelab1/ACRIM data
was acquired during the SMM/ACRIM 1 mission. The ATLAS | & 2/ACRIM results
were acquired during the UARS/ACRIM 11 experiment.

In the interest of understanding the reliability of the shutile ACRIM results, the
ACRI M 11 observations are scaled to ACRIM 1 as discussed previously, to facilitate
comparison of Spat.clab 1 and A’]’] ,AS measurements. Sensor ACR502 was included in
the ACRIM instrument on all three shuttle flights, the ACR504 on two. The weighted
means are dominated by the A“J] .AS results because of their smaller uncertaintics. This
is caused by far smaller number of observations acquired during the Spacelab | mission
when near total failure of the shuttle command-and-data system (I{, AU) occurred. The
spread of the observations from the flights (s 242 ppm for ACR502 and -+ 152 ppm for
ACRb504) exceeds their statistical uncertainties by a large margin, indicating the clear
intervention of sources of systematic error. 1t has been observed that the clean cavities
of the A CRIM sensors provided for integration in cach missionare contaminated when
returned for recalibration after each flight. Contaminationis believed to be the principal
causc Of the variation of results from flight-to-flight. The largest spread is between the
ACRbH02 result of ATLAST and the other two, indicating that its second {flight result
could be anomalously high. This may be resolved by the A']'] JAS3/ACRIM experiment
in late 1994.

It was hoped that the shuitle ACRIM series would be able to provide mission-to-
mission precision better than 100 ppminstead of the approximately 200 ppm observed
from the results to elate, While larger than expected, this bound of uncertainty is an order
of magnitude superior to the absolute uncertainty of the current generation of sensors,
that operate al ‘ambient temperature’ and comparable to the absolute uncertainty of
ncw cryogenic, ‘JS§] sensors current under development. From this standpoint, the shuttle
ACRIM experiment is a valuable insurcr of the long term ‘JS] database, Should overlap
of satellite ‘JS] monitoring experiments fail to occurinthe future, the shutile ACRIM
comparisons could be used to sustain the I'S1 database precision at a useful level, even
if less precisely than had been hoped.

The ESAEURECA platform was launched from the Shuttle in mid 1992 and retrieved
about ninc months later, T'wo ‘J S| monitors resided on the platform: the PMOT) de-
veloped by Yrohlich (see Romero et al. 1994) and CROM developed by Crommelynck
(sce Crommelynck et al. 1994 ), A comparison of preliminary daily mean rcsults ob-
tained simultaneously by the ’'MOD, CROM and the UARS/ACRIM 11 experiments is
shown in Figure 5 (}r6hlich 1993; Crommelynck 1993). The KBURECA data shown begins
shortly after its deployment. The results from all three experiments depict essentially
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I1cukry 5. Comparisons of UARS/ACRIM 11 and the KURECA /PMOD and CROM results

the same principal 1'S] variations, including the ‘sunspot deficit’ cffect of large sunspot
groups in the early and late part of the period. The ACRIM 11 ant] I’'MQ]) results are
most closely matchedinboth S1 units andtheshape of their time series. The CROM
utilizes a diflerent operational mode and differs significantly indesign from the PMOI)
and ACRIM which probably explains the differences of shape of its time series. Both
sets of WURICA results demonstrate higher initial decreascsin flux, relative to ACRIM
11. This is probably due to high rates of degradation of their cavity absorbing surfaces
inthe carly observations, a common feature of the initia] performance of ‘J S| sensors in
space. Thedashed lines of Figure 5 occur during periods when the UARS spacecraft was
inopcrational due to falure of the solar array’s pointing mechanism and no simultancous
results were available for comparison.

These same data arc presented in Figure 6 as the percentage difference from the
UARS/ACRIM results. A general downward irend in both the relative scts of results
probably indicates uncorrected degradation inthe PMO1)Yand CROM sensors accumu-
lating with exposure to solar high energy fluxes and particles. A high initial rate of
relative decline for the CROM may indicatc an accelerated initial degradation siinilar 1o
that found in ecarly results from the ACRIM experiments.

4. Summary

The T'S1 variability detected thus far is directly proportional to solar activity, as would
be required by a solar forcing function for cliinate change that might have beenrespon-
sible for the ‘Maunder or Sporer climate Miniina’ of the 14th through the 17th centuries,
and the ‘Medicval Climate Maximum’ of the 12th century, This implies the need to
cxten d the high precision ‘J ] database indefinitel y wit]] maximum available precision
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todetlect subtle, long term ‘1'S1 variation. A careful measurcment strategy that relates
successive solar monitoring experiments at a precision level of the instrumentation will
be required to sustain the databasc since the uncertainty of ‘J S| instrumentation on an
absolute basis, even if operated at cryogenic temperatures, isinadequate for this purpose.

‘Jhere arc presently no U ,S. experiments planned for the mid- to-late 1990's that have
a high degree of probability for sustaining the ‘JS] database until deployment of the
next ACRIM experiment as part the Mission to Planet larth (on the Karth Observation
System ‘Chemistry’ satellitc inlate 2002). 1f the current experimental scenario persists,
the first high precision ‘JS] databasc willterminatcinthelate 1990's and the next will
beginin 2002, with effectively no relationship between them of a sufliciently high precision
to be uscful for the long term study of either solar or climate variability.

Acknowledgments, The research describedin this paper was completed by the Jet
I’repulsion laboratory, California Institute of Technology, under a contract with the
National Acronautics and Space Administration. The author thanks C. Frohlich and 1).
Crommeclynck for preliminary URECA /S OVA results.

REFERENCES
ANDERSON, R.Y.1991InThe Sun in Time (ed. C. 1). Sonett, M.S. Giampapa & M.W. Mathews),
pp. 543- 561. Univ. Arizona Press, Tucson, AZ, USA.
1 3rusa, R.W. & Fromacn, C. 1972 ¥Entwicklung eines neuen Absolutradiometers. Technical
Note 1. World Radiation Center, 1 davos, Switzerland.

CrROMMELYNCK, 1).1981Fundamentals of absolute pyrheliometiry and objective characteriza-
tion.7echnical Note World Radiation Center, 1 davos, Switzerland.




‘8 R.C. Willson: SMM, Spa cclab 1, 21A RS and A T1LA S A CRIM Ezperiments

CROMMELYNCK, ). 1993, private communications.

CROMMELYNCK, )., DOMINGO, V., ¥icnor, A, & Lk, R. 1994 Irradiance observations from
the BURECA ant] ATLAS experiments. In The Sun as a Variable Star: Solar and Stellar
Irradiance Variations (ed. J.M. Pap, C.Yrohlich, 11 .S. Hudson & S.K. Solanki). Cambridge
University Press,inpress.

Ippy, J.A. 1977 Historical evidence for the existence of the solar cycle, In Solar Quipul and
Its Variation (ed.O.1R. White). pp. 51-71, Univ. of Colorado Press, Boulder, CO, USA.

Fronvicn,C. 1993, private communications.

Frontacn, C. 1994 Reviews of space observations of total solar irradiance. InThe Sun asa
Variable Star: Solar and Selar Irradiance Variations, (cd. J .M, Pap, C. ¥réhlich, 11 .S,
Hudson & SK. Solanki). Cambridge Univ. Press, in press,

11 ovr, 1). & Kyre, 1,. 1990 Analternative derivation of the Nimnbus 7 total solar irradiance
variations. In Climate Impact 0 Solar Variability (ed. K .11. Schatten & A, Arking). NASA
C1P-3086, 293-300.

Win1soN, R.C.1 982 Solar irradiance variations andsolar activity, J.Geophys.Res. 86 4319-
4326.

MirchrLL, M. 1977 Paleoclimatic evidence for the solar cycle and its variation. In Solar Quiput
and its Variations (ed. O, It. White). pp. 19-21. Univ. Colorado Press, Boulder, CO, USA.

WiL1soN,R.C. 1980 Solar irradiance observations fromn the SMM/ACRIM experiment. Amer-
ican Geophysical Union, Toronto, Canada, May 1980.

WiLsoN, R.C.1982 Solar irradiance variations and solar activity. J. Geophys. Res. 86, 4319-
4326.

WiL1SON, R.C.1984 Mcasureinents Of solar totalirradiance ant] its variability, Space Science
Reviews 38, 203-242.

Wi1.soN,R.C.1992 Solar t{otalirradiance monitoring, past, present ant] future. KOS Transac-
tions, American Gcophysical Union Vol. 73, No. 14, pp. 242.

WinLsoN, R. C. & HHunson, H .S. 1981 Variations of solar irradiance. Astroph. J. Lett., 24,

185-189.

Wi1soN, R.C. & Hunpson, 11.5.1988 Solar luminosity variations in solar cycle 21. Nature 332,
810 812.

Winason, R.C. & HunsoN, 1.8, 1991 The Sun’s lmninosity over a complete solar cycle. Nature
351, 42-44.

WiLsoN, R. C., GuiKis, S., JANsSEN, M., Hunson, 11. S. & CuarMAN, G. A. 1981 Obser-
vations Of solar irradiance variability. Science 211, 700-702.




Table 1. Comparisons of SMM/ACRIM | and UARS/ACRIM II with Nimbus7/ERB
experiment. Demonstration of the ‘overlap strategy’ capability for preserving the
precision of the total solar irradiance database.

COMPARISONS

Nimbus7/ERB - SMM/ACRIM |
Nimbus7/ERB - SMM/ACRIM Il

1(#6IM I/ACRIM Il (ERB Comparisons]

Ratio to
ACRIM

1.003138
1.004946

1.001802

Standard
Error

(1 sigma)

0.000004
0.000003

0.000002

Number of
Samples

2714
225




Table 2. Results from the space shuttle ACRIM experiment on the Spacelab 1,
ATLAS 1 AND ATLAS2 missions. Results are shown for ACR sensors 502 and 504

as their percentage variation relative to the radiation scale defined by the SMM/AC-
RIM 1 instrument:

Sensor: ACR502 Uncertainty ACR504 Uncertainty
(Note 1) (Note 1)

Average +1- Average +/-

Mission (% var) (% var) (% var) (% var)

Spacelab 1 (12/83) 0.3679 0.0098 0.4479 .0.0088

ATLAS 1 (3/92) 0.4164 0.0028 Not Flown

AT"LAS2 (4/93) 0.3680 0.0006 0.4174 0.0007

Wtd. Mean (All flights): 0.3701 0.0006 0.4176 0.0007

Variation (+/-): 0.0242 0.0152

Wtd. Mean (ATLAS): 0.3701 0.0006

Variation (+/-): 0.0242

Wtd. Mean (SL1 0.3680 0,0010 0.4176 0.0011

ATLAS?2):

Variation (+/-): 0.0022 0.0152

Note 1: Std. Error (1 sigma):




